Bioactive compounds are considered safe and have been shown to alter genetic and epigenetic profiles of tumor cells. However, many of these changes have been reported at molecular concentrations higher than physiologically achievable levels. We investigated the role of the combinatorial effects of epigallocatechin gallate (EGCG), a predominant polyphenol in green tea, and sodium butyrate (NaB), a dietary microbial fermentation product of fiber, in the regulation of survivin, which is an overexpressed anti-apoptotic protein in colon cancer cells. For the first time, our study showed that the combination treatment induced apoptosis and cell cycle arrest in RKO, HCT-116 and HT-29 colorectal cancer cells. This was found to be regulated by the decrease in HDAC1, DNMT1, survivin and HDAC activity in all three cell lines. A G2/M arrest was observed for RKO and HCT-116 cells, and G1 arrest for HT-29 colorectal cancer cells for combinatorial treatment. Further experimentation of the molecular mechanisms in RKO colorectal cancer cells revealed a p53-dependent induction of p21 and an increase in nuclear factor kappa B (NF-κB)- Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. p65. An increase in double strand breaks as determined by gamma-H2A histone family member X (γ-H2AX) protein levels and induction of histone H3 hyperacetylation was also observed with combination treatment. Further, we observed a decrease in global CpG methylation. Taken together, these findings suggest that at low and physiologically achievable concentrations, combinatorial EGCG and NaB are effective in promoting apoptosis, inducing cell cycle arrest and DNA-damage in colorectal cancer cells.
Introduction
Survivin, a member of the inhibitor of apoptosis protein family, plays a bifunctional role, as an anti-apoptotic protein and also as a regulator of cell cycle progression [1, 2] . It associates with the mitotic spindle during the cell cycle and serves as a check point for correct association of the spindle with chromosomes in metaphase [2] . In colorectal cancers (CRC), survivin is overexpressed but its expression in normal adult tissue is undetectable [3] . The expression of survivin has been linked to poor survival, recurrence rate and death due to colorectal cancers [4] . Chemoregulatory expression of this protein is therefore a promising target for cure.
The incidence rate of colon cancer is lower in Asian countries where the diet is predominantly rich in vegetables and fruits [5] . The constituents of these dietary foods provides for a healthy colonic environment. Dietary fiber, an important dietary constituent, ensures that potential carcinogens are removed from the colon and the microbiota within the colon converts the fiber into short chain fatty acids (SCFA) by the process of fermentation [6] . These short chain fatty acids are a major source of energy for the colon cells. Of the SCFAs, butyrate is the predominant energy providing source [7] and is a natural epigenetic regulator functioning as an inhibitor of histone deacetylases (HDACs) [8] . Sodium butyrate (NaB) can induce cell differentiation, apoptosis and histone hyperacetylation [8] [9] [10] and these tumor inhibitory properties of butyrate can be exploited as part of a treatment for colorectal cancers.
Another dietary epigenetic molecule, epigallocatechin gallate (EGCG), is a predominant constituent of green tea polyphenols, and regulates epigenetic changes by altering methylation profiles of genes through its DNA methyltransferase 1 (DNMT1) inhibitory activity [11] . Combination therapies incorporating EGCG with other bioactive molecules may be very effective in numerous cancers [12] . However, many of these studies employ high concentrations of the compound that may not be achievable in vivo. Our rational is that when two effective compounds with potent epigenetic properties are used the combined epigenetic effects may be more effective in reducing survivin expression, an upregulated anti-apoptotic molecule in colorectal cancers (CRC), and that this may allow lower concentrations of the compounds for therapy. Studies in various other cancer cell lines have shown that EGCG and NaB can effectively inhibit survivin independently, albeit at higher concentrations [13, 14] . However, the combination effects of these compounds on colon cells, where the availability of the molecules are at the highest physiological levels, are not known.
In our study, we treated RKO, HCT-116 and HT-29 colorectal cancer cells at physiologically achievable concentrations of EGCG and NaB (10 μM and 5 mM, respectively) [15] [16] [17] [18] and the combined effects of these epigenetic regulators were observed in terms of survivin down-regulation. RKO and HCT-116 are colorectal carcinoma cell lines and are genetically similar. HT-29 is not genetically similar to RKO or HCT-116 cell lines and is an adenocarcinoma cell line. We sought to determine if the compounds were effective against cell lines that were genetically similar or different, and if p53 would govern the molecular changes observed in the study. We also assessed p21, an important cell cycle regulatory protein that has been reported to regulate survivin expression in other cancer cell types [19, 20] . We asked if the combined therapy of EGCG and NaB could have a greater effect at inducing p21 expression with the concomitant down-regulation of survivin in colon cancer cells, at lower molecular concentrations. NaB alone is potent enough to induce DNAdamage, and when combined with EGCG this damage may be enhanced, stimulating cell cycle arrest in parallel with p21 induction and down-regulation of survivin. We found that the combination of EGCG and NaB arrested cells in the G2/M phase for both the RKO and HCT-116 colon cancer cells and a G1 arrest was observed in HT-29 cells. All cells had a decreased S phase. p21 induction was observed in the RKO colorectal cancer cell which was p53-dependent. Taken together this study provides a novel chemotherapeutic approach in the treatment of colorectal cancers at lower effective doses of natural molecules.
Materials and Methods

Cell culture
RKO (CRL-2577), HCT-116 (CCL-247) and HT-29 (HTB-38) colorectal cells were obtained from American Type Culture Collection (ATCC). RKO colorectal cells were cultured in DMEM 1X medium (Mediatech Inc, Manassas, VA, USA), HCT-116 and HT-29 were cultured in DMEM-F12 (Mediatech Inc, Manassas, VA, USA), and all cell cultures were supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA) and 1% penicillin/streptomycin (Mediatech, Herndon, VA, USA). The cells were cultured as per the manufacture's protocol and were maintained in a humidified 5% CO 2 incubator at 37°C. RKO, HCT-116 and HT-29 colorectal cancer cells were treated with 10 μM EGCG (Sigma, St. Louis, MO, USA) or 5 mM sodium butyrate (NaB) (Sigma, St. Louis, MO, USA) for 48 h. EGCG was prepared in DMSO with a stock concentration of 20 mg/ml and NaB was at a stock concentration of 100 mg/ml in sterile water. The concentration of DMSO in medium was less than 0.1% (v/v). Cells treated with DMSO served as a vehicle control. During treatments working solutions were freshly prepared and the medium was changed every 24 h with the freshly prepared compound solutions.
Cell viability assessment
Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay after treatment with various concentrations of EGCG and NaB and selected concentration of the combined drugs. Approximately 1 × 10 4 RKO, HCT-116 and HT-29 colorectal cancer cells were seeded in each well in 96-well plates. Cells were treated as indicated after 24 h. At the end of each treatment the cells were washed twice with 100 μL PBS and 100 μL of media containing 10 μL of 1 mg/mL MTT (Sigma, St. Louis, MO, USA) was added to each well before incubation for 1 h at 37°C in a humidified 5% CO 2 incubator. At the end of the incubation period, the medium was aspirated and 200 μL DMSO was added to each well to dissolve the formazan crystals. Dye absorbance in each well was measured at 490 nm with a reference wavelength at 620 nm. Cells treated only with media served as negative control and DMSO at a final concentration of 0.01% was used as experimental control.
Analysis of cell cycle progression
Propidium iodide (PI) staining-based flow cytometry cell cycle assay was used to analyze cell cycle distribution. Approximately 5 × 10 4 RKO, HCT-116 and HT-29 cells were plated in each well of 6-well plates with a 2 mL volume of medium for each well. Medium containing freshly dissolved EGCG or NaB was added 24 h later and changed daily. Harvesting of the cells was carried out at the indicated time points from 6-well plates by trypsinization. After washing with PBS, cells were fixed in 70% ethanol at 4°C overnight and centrifuged and washed with PBS the second day. Before analysis, incubation of cells was carried out in the dark for about 30 min in PBS containing 0.1% Triton X-100, 0.1% RNase, and 50 μg/mL PI. DNA contents in stained nuclei were then analyzed with flow cytometry.
Apoptosis analysis
Annexin V and PI double-staining-based flow cytometry apoptosis assay was used to determine the effect of EGCG and NaB treatment on apoptosis. Cells were harvested with trypsinization followed by washing with PBS and staining with Annexin V and PI (Invitrogen) in the binding buffer for 15 min in the dark. Subsequently, the cells were analyzed through flow cytometry.
Protein expression analysis
Western blotting was employed to assess protein expression. After cells were washed with PBS, protein lysates were obtained in RIPA lysis buffer containing protease inhibitors (Upstate Biotechnology, Charlottesville, VA, USA). Ten micrograms of protein sample was electrophoresed on 4-10% Tris glycine SDS-polyacrylamide gels (Invitrogen) and transferred to nitrocellulose membranes. Nuclear lysates were assessed for p21, p53 and NF-κB-p65. Total protein was used to assess HDAC1, DNMT1, DNMT3A and DNMT3B, survivin, anti-acetylated H3 and γ-H2AX. Total protein analysis instead of acid extraction was performed to determine anti-acetylated H3 and γ-H2AX levels as they have been determined in the similar manner as has been previously reported [21, 22] . Antibodies against p21 and anti-acetylated H3 (Millipore, CA, USA), HDAC1, DNMT1, NF-κB-p65 (Abcam), p53, survivin, DNMT3A, DNMT3B (Santacruz Biotechnology) and γ-H2AX (Cell Signaling) were used to probe the corresponding proteins. Briefly, blots were blocked in 5% Milk powder TBS-T solution for 30 min. Primary antibody was added in 1% Milk powder TBS-T solution for 1 h at room temperature with shaking; for survivin and γ-H2AX, incubation with primary antibody was carried out at 4°C overnight, the rest were performed at room temperature for 1 h. DNMT3A and DNMT3B and survivin were used at 1:100 dilution and the rest were used at 1:1000 dilution. Blots were washed for 30 min at 10 min each wash. Secondary antibody at 1:1000 dilution was added for 1 h at room temperature. Blots were washed with TBS-T for 30 min at 10 min each wash and immunoreactive bands were visualized with the enhanced chemiluminescence detection system (Millipore) using the BIORAD chemidoc XRS image. Proteins were identified based on their molecular weights compared to the standard that was run in parallel and transferred to the blot. The western blots were conducted in triplicates and densitometric analysis of the bands were performed using myImageAnalysis1.1 (Thermo Scientific).
Real-time quantitative PCR
Total cellular RNA was isolated using an RNeasy mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Total RNA (100 ng) were reverse-transcribed into cDNA using the iScript cDNA synthesis kit (Bio-rad, Hercules, CA, USA). The PCR primer sets that were used are the following: 5′-ACCACAGTCCATGCCATCAC-3′ (F), 5′-TCCACCACCCTGTTGCTGTA-3′ (R) for GAPDH; 5′-CACTCCAAACGCCGGCTGATCTTC-3′ (F), 5′ TGTAGAGCGGGCCTTTGAGGCCCTC-3′ (R) for p21; 5′-ACCGCTTCTACTTCCTCGAGGCCTA-3′ (F) 5′-GTTGCAGTCCTCTGTGAACACTGTGG-3′ (R) for DNMT1; 5′-GACGGGGATGTTGGAAATTA-3′ (F), 5′-CATCTCCTCAGCATTGGCTT-3′ (R) for HDAC1; 5′-ATGGACGATCTGTTTCCCCT-3′ (F), 5′-CGGTTTACTCGGCAGATCTT-3′ (R) for NF-κB-p65; and 5′-GCATGGGTGCCCCGACGTTG-3′ (F), 5′-GCTCCGGCCAGAGGCCTCAA-3′ (R) for survivin. GAPDH was used as an internal loading control. Real-time quantitative PCR was conducted in a CFX96 Real-Time PCR System (Biorad) using SYBR Green detection system (Bio-rad, Hercules, CA, USA). The delta-delta CT method was used to determine the relative level of gene expression. Fold change in gene expression was determined by the formula 2 −ΔΔC T where Δ Δ C T = Δ C T (target) normalized − Δ C T (Control) normalized ; Δ C T (target) normalized = C T target (gene of interest) −C T target (GADPH) and Δ C T (Control) normalized = C T control (gene of interest) -C T control (GADPH).
Colonogenic assays
The cells were seeded at a density of 100 cells per well in a 24-well plate and allowed to recover for a day prior to the experiment. EGCG and NaB were added to the wells at the appropriate concentrations. After the 48 h time period, the media was removed and fresh media was added and the plates were incubated at 37°C at 5% CO 2 for a week. The wells were washed with 1X PBS and the colonies were fixed using glacial acetic acid and methanol at the ratio 1:7 for 5 min. Crystal violet (0.5%) in PBS was added and kept for 30 min. The wells were gently washed and allowed to air dry. Colonogenic assays were performed in two ways: 1) Cells were first treated to the compounds and then colony formation potential was assessed and 2) the plated cells were allowed to form colonies prior to treatment and then exposed to treatment to determine colony reduction potential. Percent values were obtained by comparing to control.
HDAC activity and CpG percent methylation
The epigenetic changes were assessed using the HDAC and Methylflash Epigentek kits as per the manufacture's protocol. For HDAC assays 20 μg/μl of nuclear protein was used and for percent methylation 100 ng of genomic DNA was used. The absorbance was measured at 450 nm using the Bio rad 680 plate reader. Activities for each were calculated based on manufacturer's instructions.
Chromatin Immunoprecipitation assay (ChIP)
RKO cells were seeded in a 10 cm dish and were subjected to the respective treatments for 48 h. After treatment the cells were fixed with 37% formaldehyde and then subjected to enzymatic shearing as per the manufacture's protocol (ChIP-IT express enzymatic kit, Active Motif). p53 antibody (3 μg, mouse monoclonal, ab26 Abcam) was used to pull down the DNA protein complex. After reversing the crosslinks, the p53-enriched DNA and input DNA was purified and then subjected to PCR amplification using primers for p21 promoter sequences that amplify the region near the p53-binding site: 5′-GCACTCTTGTCCCCCAG-3′ and 3′-TCTATGCCAGAGCTCAACAT-5′. The amplified product was electrophoresed on a 3% agarose gel and the density of the bands was measured using the myImageAnalysis software (ThermoScientific). The density of p53-enriched samples was normalized to the input sample.
Statistical analyses
Statistical significance among treatments was evaluated using one-way ANOVA followed by Tukey test. *P < 0.05 and **P < 0.01 was considered significant.
Results
EGCG and NaB suppresses RKO colorectal cancer cell proliferation
As an individual compound, EGCG was less effective than NaB at inhibiting the cell proliferation of RKO colorectal cells (10% at 10 μM) at lower concentrations ( Figure 1A ). The IC 50 for EGCG was about 50 μM. However, the bioavailability of EGCG is relatively poor at 0.1 μM plasma levels although it is delivered at 1-20 μM in the colon based on the dose of green tea consumed [23, 24] . NaB was more effective at inhibiting the cells. At the 5 mM NaB dose, which is considered achievable in the colon [25] , about 35% of the cells were inhibited. It is notable that the combined effect of 10 μM EGCG and 5 mM NaB resulted in 50% cellular inhibition suggestive of an additive effect at this IC 50 value for the combined treatment. The additive effect of the combined treatment on HCT-116 and HT-29 colorectal cells was significant at higher IC values than at IC 50 . For consistency and given that at these doses had an additive effect, the same concentrations were used for HCT-116 and HT-29 cells ( Figure 1B ). All three cell lines chosen are positive for the CpG island methylator phenotype, indicative of a higher degree of genomic methylation in these cells [26] . In addition, RKO and HCT-116 are p53 wild-type (wt) and are colorectal carcinoma cell type. HT-29 cells carry a mutation in the codon 273 in p53 and are adenocarcinoma cell types [26] . We wanted to test the applicability and effectiveness of the combination in cell lines having similar and different genetic characteristics. Morphological changes associated with the respective treatments were observed at 100× using a Leica DM 750 phase contrast microscope ( Figure 1C) . As compared to non-treated control, the RKO cells in the combination appeared to gain a more spindle, flattened and circular characteristic. However, with EGCG alone a very slight morphological change was observed which was consistent with the efficacy to the cancer cells at the concentration of 10 μM. Prominent morphological changes were visible with 5 mM NaB. The combination of EGCG and NaB resulted in pronounced changes of a larger number of circular shaped cells from the normal epitheliallike morphology, indicative of the enhanced effect of EGCG with NaB ( Figure 1C ). More pronounced morphological changes were also observed for HCT-116 and HT-29 colon cells with NaB treatment only and the combination treatment as compared to the control and EGCG treatment only.
EGCG and NaB promotes apoptosis
Induction of apoptosis is one of the major pathways through which chemotherapeutic agents inhibit tumor proliferation. We therefore examined the apoptotic potential of the combination treatment of RKO, HCT-116 and HT-29 colorectal cancer cells. We found that the combination of 10 μM EGCG and 5 mM NaB induced significant apoptosis (P < 0.01) in comparison to the individual treatments at 48 h ( Figure 2 ). However, the apoptotic induction was not high enough to be considered the sole mechanism of inhibition of cell proliferation. We therefore believe that a co-mechanism in addition to apoptosis may be involved in the observed inhibition of cell proliferation.
EGCG and NaB arrest RKO, HCT-116 colorectal cells predominantly in the G2/M phase and HT-29 colorectal cells in the G1 phase
Cell cycle progression analysis revealed a shift from S to the G2/M phase ( Figure 3 ). The cells were predominantly in the S phase for EGCG at the 10 μM concentration. However, with NaB treatment at 5 mM a G2/M arrest was observed for RKO cells and in the combination treatment was arrested in the G1 and G2/M phase. In HCT-116 cells a significant G2/M arrest was observed and in HT-29 cells a significant G1 arrest was observed (P < 0.01) as compared to the controls (Figure 3) . In comparing all three cell lines a reduction in S-phase was observed indicative of a possible mechanism of preventing cell proliferation that may be associated with DNA damage.
EGCG and NaB effectively inhibit colony formation in RKO colorectal cancer cells
From our apoptotic and cell cycle arrest results we next sought to determine if the combination was effective in inhibiting the colony forming potential of RKO colorectal cancer cells. Our results indicate that the combination was significantly more potent in terms of reducing the number of colonies than individual treatments. Both types of colonogenic assay showed that the combination was successful in inhibiting/reducing RKO cellular tumor forming potential ( Figures 4A, 4B and 4C ). The combination significantly inhibited colony formation by 80%, while EGCG and NaB administered singly were about 20% and 50% effective, respectively. These changes were found to be significant at P < 0.01. Thus, EGCG significantly enhances the effect of NaB in reducing colony formation. Although slightly different efficacies were observed with respect to Figure 4A , the reverse colonogenic assay showed similar trends in colony reduction potential. EGCG reduced the number of colonies formed by 10%, NaB by 40% and the combination by 70%. These changes were significant with respect to the control (P < 0.01). Also, the combination was significantly different from the individual treatments alone (P < 0.01). These data indicate that the combination is potent in inhibiting as well as reducing colonies formed, activities that are important to effective chemotherapeutic strategies.
EGCG and NaB increases p21, NF-κB-p65, HDAC1; and decreases DNMT1 and survivin in RKO colorectal cancer cells
Real-time PCR analysis of RKO cells revealed that p21 levels increased for the individual treatments and was highly induced with the combination treatment. EGCG was effective in enhancing NaB induction of p21 ( Figure 5A ). We also determined the effect of the combination treatment on survivin expression as it is transcriptionally regulated by p21. Survivin mRNA levels decreased ( Figure 5A ) in response to the combination treatment and was significant (P < 0.01) as compared to the control and individual treatment of 10 μM EGCG and 5 mM NaB. HDAC inhibitors are known to transactivate NF-κB and NF-κB is associated with p21 dependent G2/M arrest. We therefore determined the effect of the treatments on NF-κB-p65. Ours is the first study to report that NF-κB-p65 levels were significantly up-regulated for NaB alone and for the combination treatments of EGCG and NaB ( Figure 5B ). However, the combination was lower than NaB treatment but was significantly higher than EGCG alone (P < 0.01). We examined the effect of the combination on DNMT1 and HDAC1 levels and found that DNMT1 levels decreased for the combination treatment, whereas HDAC1 levels increased ( Figure 5C ). Findings from other studies point to the existence of a regulatory feedback mechanism that modulates HDAC levels, which was also observed in this study [27] .
EGCG and NaB inhibits HDAC1, DNMT1 and survivin in all the three colorectal cancer cells tested EGCG and NaB are epigenetic modulators and therefore we assessed the levels of DNMT1 and HDAC1 for the individual treatments and the combination treatment in all three cell lines. Epigenetic proteins HDAC1 and DNMT1 levels were significantly reduced in all three cell lines for the combination indicative of a combinatorial epigenetic effect of the compounds under question ( Figures 6A and 6B, respectively) . EGCG directly inhibits the catalytic site of DNMT1 via its gallic acid moiety [11] . Sodium butyrate has been shown to decrease DNMT1 levels in breast and prostate cancer cells via proteasomal degradation and may be a possible mechanism of the inhibition seen in our study [28] . The combination of EGCG and NaB in significantly reducing DNMT1 levels may be due to the combination of inhibiting the catalytic site along with proteasomal degradation.
Survivin is highly expressed in colorectal cancers and we therefore determined the effect of the combination in regulating survivin expression. Survivin expression was significantly inhibited with the combination treatment as compared to the control (P < 0.01) in all three cell lines ( Figure 6C ). In RKO cells the changes in survivin expression was significant in the combination as compared to the individual treatments ( Figure 6C ).
EGCG and NaB activates nuclear p53, p21, NF-κB-p65; activates γ-H2AX and antiacetylated H3; inhibits DNMT3A and DNMT3B in total protein assessed in RKO colorectal cells
Densitometric analysis of p53, p21, and NF-κB-p65 from nuclear protein revealed an upregulation of the proteins in the combination treatment and was significant in comparison to the control (P < 0.01) ( Figure 7A ). NF-κB-p65 induction may be linked to DNA damage and therefore we assessed the levels of γ-H2AX, the expression of which indicates DNA damage. Our results showed an induction of the protein which was significant as compared to the control (P < 0.05) ( Figure 7B ). Sodium butyrate is a HDAC inhibitor and therefore we assessed at the acetylation status of histone H3 and found a significant increase in the combination treatment as compared to the control. A significant (P < 0.05) decrease in DNMT3A and DNMT3B levels was also observed in the combination treatment as compared to the controls ( Figure 7C ).
EGCG and NaB induces p21 through a p53-dependent mechanism in RKO colorectal cancer
Induction of both p21 mRNA and protein were observed in RKO colorectal cancer cells. To determine if the induction of p21 was p53-dependent we performed the ChIP assay using a monoclonal p53 antibody. ChIP-PCR analysis using primers specific to the p21 promoter region showed a significant increase in p21 levels for the combination (Figure 8) . These results suggest a p53-dependent mechanism of p21 induction in RKO colorectal cancer cells.
EGCG and NaB affect global DNA methylation and chromatin structure
Epigenetic mechanisms control gene expression through changes predominantly in DNA methylation and histone acetylation. The EGCG and NaB compounds that we used in the study are potent DNMT1 and HDAC1 inhibitors, respectively, and therefore, the epigenetic effects in the presence of two different types of epigenetic inhibitors were assessed. HDAC activity was determined for all three cell lines and the activity significantly decreased in the combination treatment as compared to the control for all of the three cell lines (P < 0.01) ( Figure 8A ). No significant changes in HAT activity was observed in the combined drug treatments (data not shown). Percent CpG methylation was assessed only for the RKO cell line as the level of three DNMT proteins were determined through western blots for this cell line only. Percent CpG methylation significantly decreased for the combination treatment of EGCG and NaB for RKO cells (P < 0.01) ( Figure 8B ). The increase in percent methylation for the NaB treatment may be attributed to an increase in DNMT3B levels as was observed with the protein densitometric analysis. The treatment of the cells that alter dominant epigenetic enzymes may account for the observed changes in percent methylation and HDAC activity.
Discussion
Sodium butyrate (NaB) is non-toxic and is produced naturally within the colon through microbial fermentation. The concentrations of NaB are effective in the millimolar range and 1 mM is considered low, 5 mM intermediate and 10 mM high [29] . We considered the intermediate concentration in terms of treatment as it was effective with 10 μM EGCG in reaching an IC 50 value for the combination within 48 h of treatment for RKO cells and these concentrations are achievable in vivo. NaB has shown promise as a suitable chemotherapeutic agent due to its myriad anti-tumorigenic effects, including cell proliferation inhibition, induction of cell cycle arrest and differentiation, promotion of apoptosis, and even more significantly as a potent HDAC inhibitor inducing histone hyperacetylation and altering gene expression [6, 8, 30, 31] . Sodium butyrate has been shown to induce p21 expression that is a prominent cell cycle regulatory protein [32, 33] In the current study we showed that the potent anti-cancer activities of EGCG and NaB in RKO, HCT-116 and HT-29 colorectal cancer cells. On the contrary, a study showed that EGCG interferes with butyrate-induced differentiation in colon cancer cells by preventing the cellular uptake of NaB [34] . However, in the study conducted, the dose chosen was based on the optimal values of the individual compounds and not on the combination of the compounds. Two given compounds can act differently at different dose combinations. From our MTT assays we showed that at 2 mM NaB and 10 μM EGCG there was no additive or synergistic effect observed in HT-29 cells which was the same cell line chosen for the previous study [34] . Therefore, dose appears to be crucial in determining chemotherapeutic effects. Based on the dose chosen we observed significant changes in morphology, apoptosis, cell cycle arrest and epigenetic proteins for the HT-29 cell line. In addition, survivin, an antiapoptotic protein highly expressed in colon cancers, was down-regulated in the HT-29 cell line with the combination as compared to EGCG alone. RKO and HCT-116 cell lines also showed significant morphological changes after the combination treatment. Epigenetically and genetically RKO and HCT-116 cells are more similar than HT-29. The presence of wt-p53 in RKO and HCT-116 cells may produce an improved response to the combination treatment than HT-29 cells that carry mutated p53. Reinduction of p53 perhaps may be important in encouraging apoptosis or cell-replicative inhibition which may be p53-dependent. The cell lines chosen were also CIMP positive, which is described in detail by the study [26] . Most of our analysis was performed in detail in the RKO wt-p53 colorectal cell line and where comparisons were necessary, we included the other cell lines as well.
From our in vitro colonogenic assays we were able to show that a combination of EGCG and NaB was significantly effective in inhibiting colony formation in RKO colorectal cancer cells by 80%, when many studies show that either EGCG or NaB acting alone require higher concentrations and time periods for the same effective inhibition. Clearly, the combination treatment at lower physiologically relevant doses is able to generate a significant chemotherapeutic effect suggestive of strong activity against colorectal cancer. Our study also showed that the combination treatment of EGCG and NaB was successful in inducing apoptosis in all three cell lines we treated but was in the range of 12-16% and therefore the apoptotic pathway may not be the only mode of tumor-inhibition by the compounds we evaluated.
In addition to the induction of apoptosis, we found that the EGCG and NaB combination induced cell cycle arrest predominantly in the G2/M phase for RKO and HCT-116 cells and G1 phase for HT-29 cells. NaB has been shown to exert cell cycle inhibitory effects in the G1 phase or G2/M phase based on the cell line under study [35] . In addition, downregulation of survivin via p21 induction and p53 upregulation provides an alternative strategy of cell replicative inhibition through DNA damage. Our study for the first time showed that the combination therapy was successful in down-regulating the expression of survivin both at the mRNA and protein levels with p21 induction and G1 and G2/M arrest. We believe that this novel mechanism involved in the inhibition of colorectal cancer cells could be applicable to tumors that are resistant to apoptosis.
Genetic and epigenetic changes are instrumental in promoting neoplastic transformation in colorectal cancers [36] . The reversibility of these changes presents a suitable treatment strategy for colorectal cancers. Previous studies have shown that EGCC and NaB are potent DNMT1 and HDAC1 inhibitors, respectively, both of which can individually correct epigenetic observations in cancer cells [8, 11] . In our study, NaB was used and is a known HDAC1 inhibitor, and is the most extensively studied HDAC. Contradictory to the norm of gene and protein regulation, our study showed that the HDAC1 mRNA levels were significantly upregulated with the down-regulation of HDAC1 level for the NaB treatment alone and the combination treatment of EGCG and NaB. The upregulation of HDAC1 and the concomitant decrease in protein level may be attributed to the autoregulation of HDAC1 by HDAC inhibitors and could be cell-type specific [37] . HDAC1 has been found to be recruited to its own promoter thereby mediating its own repression by negative feedback loop inhibition [37] . In addition, HDACs are known to undergo several post-translational modifications, of which acetylation, phosphorylation, sumoylation and ubiquitination have been reported to occur with HDAC1 that can affect their activity and stability [38] . Taken together, the binding of NaB to the catalytic site of HDAC1 and possible post-translational effects on the protein may account for the decrease in HDAC1 levels despite the increase in HDAC1.
DNA methyltransferases and histone ennzymes are no longer considered independent epigenetic regulators but are thought to function in tandem or in cohesion to alter the epigenome. Global CpG methylation reponse to NaB treatment has been show to vary on the basis of the cell-type under study [39] . HeLa cells treated with 3 mM NaB for 48 h have shown an increase in global genomic methylation as compared to the control and in glioblastoma multiforme cells a hypomethylated state has been observed at 2 mM NaB for 48 h [40] . The findings from our results showed that percent CpG methylation for NaB increased in comparison to the control. A similar finding has been observed in transformed lung fibroblast cell lines in the presence of 5 mM NaB [39] . At this point we cannot determine the actual reasons for this observation but can infer from the data that the compensatory effects by de novo enzymes may account for this.
A significant decrease in HDAC activity was observed that likely explains the increase in global histone H3 acetylation levels in the combination treatment in comparison to the individual compounds. Histone hyperacetylation has been associated with inhibiting cell growth [41] and therefore we believe that the growth inhibition observed in RKO colorectal cancer cells may be due in part to this epigenetic change. Our study showed that in addition to its HDAC inhibitory activity, NaB was able to down-regulate DNMT1 expression as well and the expression further decreased with the combination treatment. Data from other studies support decreased DNMT1 expression, at both the protein and mRNA levels, after HDAC inhibitor treatment [28, 42] .
The common expressed biomarker signaling DNA damage is γ-H2AX. Class I, II, and III HDACs have been implicated in the DNA damage response, homologous recombination (HR), and chromatin integrity [43] . HDAC1 have been shown to assist with the DNA damage response by recruiting DNA repair proteins to the site of damage. Butyrate and trichostatin A (TSA) have been show to exert defects in the repair process. Studies with cells lacking HDAC1 have been shown to be hypersensitive to DNA damaging agents and exhibit sustaining DNA damaging signaling reflective of defects in double-strand break (DSB) repair [44] . The results from our study showed a significant decrease in HDAC1 levels in the combination treatment for all three cell lines. Further, an assessment of γ-H2AX levels in RKO cell lines showed a significant increase in the combination treatment significantly as compared to the control and individual treatments. The increase in γ-H2AX levels with the concomitant decrease in HDAC1 levels may account for increased DNA damage with decreased cell-replicative capacity. Colonogenic assays performed in RKO colon cells showed that the combination significantly reduced colony formation and a growth reduction potential was also observed. These findings support the hypothesis that the combination treatment induces DNA damage, arrests the cells in the cell cycle and prevents an increase in cell numbers (data not shown).
HDAC1 has been shown to repress the transcriptional activity of NF-κB-p65. Treatment of the RKO colorectal cancer cells to HDAC1 inhibitor NaB in our study increased NF-κB-p65 mRNA and protein, and the expression was higher with NaB treatment and in the combination treatment as compared to the control. Upregulation of NF-κB has been observed in response to DNA damage. HDAC1 has been reported to directly interact with the p65-subunit of NF-κB and affect its transactivation functions [45] . The inhibition of HDAC1 by NaB in our studies may provide an explanation for the observed increase in nuclear NF-κB-p65 levels where the protein is in its activated state and is associated with DNA damage. Studies have reported that the increase in NF-κB in response to DNA damage may allow for repair of the damaged DNA [46] ; however, the repair process is mediated through a host of various other proteins and includes HDAC1. We propose that HDAC1 is a corepressor of NF-κB-p65 and that HDAC1 can directly associate with the p65 subunit of NF-κB. Despite the increase in NF-κB-p65 levels, the decreased levels of HDAC1 may hinder repair functions arresting cells in the cell cycle at the G2/M phase through the induction of p21 as was specifically observed in RKO colorectal cells. Thus, EGCG and NaB through their epigenetic modulating effects, in addition to their potent roles as regulators of chromatin structure, and through direct or indirect corepressor or coactivator functions can mediate cellular responses by upregulating genes necessary for cell cycle arrest favoring a therapeutic outcome.
Conclusions
In summary, we have shown that EGCG and NaB with different predominant epigenetic functions are a potent combination with in vitro anti-colorectal cancer properties by suppressing cell proliferation, inducing cell cycle arrest and promoting apoptosis. These results can form the basis of suitable clinical therapies for colorectal cancer. 
Highlights
• EGCG and NaB as a combination inhibits colorectal cancer cell proliferation.
• The combination treatment induces DNA damage, G2/M and G1 arrest and apoptosis.
• Survivin is effectively down-regulated by the combination treatment.
• p21 and p53 expression is induced by the combination treatment.
• Epigenetic proteins DNMT1 and HDAC1 are effectively down-regulated by the treatment. The effective dose of the combination for EGCG and NaB was determined at IC 50 for the combined effect (A). EGCG and NaB independently inhibit the proliferation of RKO colon cancer cells, with NaB having a greater effect at physiological cocnentrations. The combination effect of EGCG and NaB at physiological available doses (10 μM and 5 mM EGCG and NaB, respectively) produced a significant additive effect in terms of inhibiton of cell proliferation in RKO colon cancer cells (A). Significant additive effects was also observed for HCT-116 and HT-29 colon cancer cells at the same doses, albeit at higher IC values for the combination (B). Morphology of RKO, HCT-116 and HT-29 colon cancer cells after various treatments is shown at 100× magnification (C). * < 0.05, ** < 0.01 A shift towards the G2/M phase was observed in the combination treatment (10 μM EGCG and 5 mM NaB) as compared to controls for both RKO and HCT-116 colon cancer cells and the change was significant. A significant G1 arrest was observed for HT-29 colon cancer cells. Therefore, depending on the cell line under study the combination treatment was able to arrest cells in G1 and G2/M phases. * < 0.05, ** < 0.01. The experiment was repeated two times and each point indicates the mean ± SEM. RKO colorectal cancer cells were treated to 10 μM EGCG and 5 mM NaB and after a 48 h time period RNA was extracted. Real time assessment of mRNA expression of the various genes revealed that DNMT1 and survivin expression decreased significantly for the combination treatment as compared to EGCG and NaB alone (A, B). EGCG is a known DNMT1 inhibitor although its effects are more pronounced at the protein than mRNA level. However, HDAC1, p21, and NF-κB-p65 (A, B, C) increased several fold and the increase was significant when compared to the control and individual treatments. A significant increase in NF-κB-p65 was observed for both the NaB alone and the combination treatment. However, the combination treatment was lower as compared to the NaB alone treatment, and significant and relatively higher when compared to EGCG and the control. Data are in triplicates from three independent experiments. * < 0.05, ** < 0.01 The combination treatment was significantly effective in down-regulating the expression of HDAC1, DNMT1 and survivin in all the three colon cancer cells tested (A, B, C, respectively). The western blot was performed in triplicate and densitometric analysis of the bands was performed. The data represent values normalized to β-actin and then computed as relative to the control. A representative western is shown as an inset in the graph for each protein type tested. C = control; E = EGCG; N = NaB and E + N = EGCG + NaB. Nuclear proteins were analyzed in triplicates for p21, p53, and NF-κB-p65 in RKO colon cancer cells ( Figure 7A ) and total protein in triplicates was assessed for γ-H2AX and antiacetylated H3 levels ( Figure 7B ). At 10 μM EGCG and 5 mM NaB combination, p21 levels increased in RKO colorectal cancer cells. An induction in p53 expression was also observed in the combination treatment. Thus, EGCG may enhance the effect of NaB by inducing p53 expression. NF-κB-p65 levels increased in the combination and NaB treatment when compared to the control and EGCG treatment. This increase may be associated with the double-strand breaks (DSBs) indicated by increased γ-H2AX levels (7B) and G2/M arrest as was found in the study. De novo methylation-associated epigenetic proteins DNMT3A and DNMT 3B levels also decreased for the combination and this was tested only in RKO colon cancer cells ( Figure 7C ). An increase in anti-acetylated H3 levels was also observed with the combination (Figure 7B ), an epigenetic change probably associated by the decrease in HDAC1 levels and HDAC activity. * < 0.05, ** < 0.01. ChIP-PCR analysis of RKO cell p53-enrinched chromatin showed a significant upregulation of p21 in the combination treatment. Primers chosen were specific for the p21 promoter region. The increase in p53-enriched p21 levels in the combination is indicative of a p53-dependent mechanism of p21 induction in RKO colon cancer cells. The result is in agreement with the increase in mRNA and protein levels of p21 observed in the study. PCRs are from a single experiment repeated three times * < 0.05, ** < 0.01. The combination treatment (10 μM EGCG and 5 mM NaB) was significantly effective in decreasing HDAC activity (* < 0.05, ** < 0.01) in all three cell lines tested (A). Percent CpG methylation was analyzed in RKO colon cancer cells and the decrease observed in the combination treatment was significant as compared to the individual treatment (B). The increase in percent methylation of CpGs with NaB may be due to the compensatory effects of de novo methylating enzymes such as DNMT3B. Data are from three independent experiments and represent mean ± SEM.
